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Introduction
Model-Based Enterprise is an emerging development paradigm where 3D models and Technical Data Packages are used as the main sources of documentation and communication throughout the lifecycle of a product. In a highly globalized world where technology evolves rapidly and digital information is vital, many organizations are moving away from the dependence on technical drawings to a model-based approach to design and manufacture their products. This move represents an opportunity to work more efficiently, increase performance, and ultimately remain competitive (Frechette, 2011) .
In today's engineering and design environments, digital tools are used extensively to define all aspects of a product's lifecycle. For example, Computer-Aided Design (CAD) and Computer-Aided Manufacturing (CAM) tools are used to create, modify, analyze, optimize, and often fabricate a product. Other tools are used to create technical documents, manage information, resources, and services. By relying on digital technology, organizations can create information networks that can be used, shared, and leveraged by all stakeholders (Regli et al., 2000; Park, Fujimoto & Hong, 2012) . In this scenario, 3D models naturally become richer and more comprehensive data sources as they carry increasing amounts of design data and take the center stage of the product's lifecycle. For many design and manufacturing organizations that produce and consume large volumes of CAD data, automated and efficient solutions for managing these data are a must. These solutions often materialize in sophisticated file repositories and Product Lifecycle Management (PLM) tools, where data and processes are centralized, providing an efficient software infrastructure to coordinate product development activities.
The success of the MBE paradigm involves leveraging the benefits of annotated CAD models. When combined with PLM systems, these models facilitate the distributed development that is possible in the MBE setting (Caldwell & Mocko, 2008; Regli et al., 2000) . For example, when a model is documented, both humans and computers can easily process and reuse the information, which eliminates errors, minimizes labor, and ultimately reduces the cost of supporting and maintaining the product throughout its life (Alducin-Quintero et al., 2012; Drury et al., 2013) . However, the heterogeneous nature of the annotations as well as managing the links to the specific aspects of the model, make PLM integration a challenging task.
Modern CAD tools are beginning to embrace the MBE paradigm by implementing functionality to support model-based standards. This functionality is generally provided by Product and Manufacturing Information (PMI) modules. Because of the emerging nature of MBE and the fact that its use has not yet been widely adopted, PMI modules in many commercial packages are still incomplete and often provided as separate add-ons. PMI tools typically include symbols (such as dimensions and tolerances), and notes in textual format. Geometrical Product Specification symbols (GPS) [https://www.iso.org/publication/PUB100296.html] covers a subset of PMI with only manufacturing symbols, mainly linked to Geometric Dimensioning and Tolerancing (GD&T). The functionality is often limited to creating, editing, moving, and deleting annotations, although basic styling and formatting such as font size, color, and orientation can be adjusted. Advanced functionality such as annotation filtering, searching, and automatic processing, which are essential in collaborative environments, is currently missing. The limitations of current annotation tools are especially noticeable when working with heavily annotated models, and in collaborative environments.
In this paper, we lay the foundation for the development of a comprehensive information framework based on annotated CAD models for capturing, communicating, and sharing design knowledge. We present a software architecture that enhances the functionality of the standard 3D annotation mechanisms that are typically available in professional CAD packages by defining new data structures that can be connected and integrated with PLM systems. The proposed strategy combines the strengths of both internal and external representations to provide a richer and more comprehensive view of product-related information in an engineering development environment, which can significantly improve the information flows within collaborative CAD/CAM/CAE processes. Our approach demonstrates how standard annotation mechanisms can be used as the basis for a new infrastructure that supports information-rich CAD models where design information is embedded within the geometry. We validate our approach by implementing and testing a custom plug-in for a commercial CAD package with two distinct PLM systems with different architectures and data models running simultaneously. Technical and implementation details are described to ensure repeatability of our work.
Related work

Model-Based Enterprise (MBE)
Model-Based Enterprise (MBE) is an approach to product development that uses digital models to drive and coordinate all engineering activities throughout the entire product's lifecycle (Lubell et al., 2012) . In this paradigm, 3D data are used as the main source of information and the entity from which other outputs and activities flow. CAD models become the vehicles that carry the product's documentation and enable collaboration among product teams (designers, analysts, technicians, manufacturers, procurement, etc.) . Well implemented MBE environments have been shown to improve products, reduce time to market, and increase reusability (Boehm et al., 2010; Pellerin, Quintana & Rivest, 2013) . Recent initiatives to promote MBE include the ongoing efforts of the US Department of Defense and the US National Institute of Standards and Technology (NIST) Engineering Laboratory, both of which have been actively involved in the development of MBE for a number of years and have increased visibility of the MBE paradigm in both public and private sectors (Lubell et al., 2012; DoD, 2013) .
The MBE paradigm is founded on the concept of Model-Based Definition (MBD). A product's MBD can be defined as a dataset comprising the model's 3D geometry and annotations (Quintana et al., 2010) . The annotations specify manufacturing and life cycle support data, known as Product Manufacturing Information (PMI), which may include Geometric Dimensions and Tolerances (GD&T), material and process specifications, and inspection requirements. To coordinate and communicate via a CAD model, it is necessary to not only define its geometry, but also to manage the associated notes and metadata that make the technical documentation of the product. The full technical description of a product is known as Technical Data Package (TDP) and consists of models, PMI, performance requirements, documentation, packaging information, and other details (DoD, 2013) .
There are a number of benefits to migrate to an MBE environment. For example, many tasks can be automated, as digital data can be translated, processed, and shared easily as needed by users. The availability of design information across the system's lifecycle also leads to time savings, improved efficiency and data reuse, and ultimately cost savings for the organization (Silventoinen et al., 2014) . Many companies have already transitioned (or are in the process of transitioning), to paperless environments (Lubell et al., 2012) . Because CAD models in the MBE environment are so inherently rich in information, it is necessary to implement mechanisms that can efficiently manage, track, and control product data. Similarly, to ensure the robustness of information and the effectiveness of communication, it is important to guarantee consistency in the creation and presentation of the digital CAD model. Maintaining the integrity of product information is the responsibility of all users and anyone who may add or change the model during its creation and revision. In this context, standards are critical as they dictate the necessary guidelines for efficient implementations and performance.
Two standards are relevant to the PMI approach based on annotated 3D models: ASME Y14.41 (Digital Product Definition Data Practices) (ASME, 2012) and ISO 16792-2015 (ISO, 2015 . Both standards distinguish between the design model and the annotated model (or simply model). The design model is the "portion of the data set that contains model geometry and supplemental geometry." The model is "a combination of design model, annotations, and attributes that describe a product." In other words, design models become models when they are enriched by attributes, which are specifications that define certain properties (i.e. a type of metadata attached to the model). Annotations are instantiation of attributes (annotations display information of attributes).
Different types of annotations are defined: dimensions, tolerances, note, text, or symbols. The rules to display annotations are based on annotation planes, which are conceptual planes that either perpendicularly intersect or are coincident with one of the surfaces of the annotated feature. There are significant differences between symbols (in general, and also in the particular cases of dimensions and tolerances) and text (both notes and free text). Symbols are strictly defined-and thus are compact and strongly constrained-whereas text is free and more extensive than symbols, which makes it more difficult to process and automate. In addition, both ASME and ISO standards describe the expected behavior of the digital model when an attribute is queried: the corresponding annotation and its related information should be displayed. This action applies not only to the original CAD system, but also to any additional plug-ins.
Other standards such as the "SASIG 3D Annotated Model Standard" (SASIG, 2008) for the automotive industry, build on ASME and ISO guidelines to define how to work with free textual annotations. According to SASIG, the use of groups, layers, and links to views or sections of the geometry are recommended to make the model readable, as annotations in a complex model may quickly make visualization difficult (SASIG, 2008) . In this paper, the previous standards are used to guide the development of the annotation structures that interact directly with the CAD environment and the user.
Management of 3D annotations
Various approaches and software systems have been suggested to manage 3D model annotation information. For example, Davies (2008) developed a hybrid annotation framework for both semantic and procedural annotations that allows multiple viewpoint annotations. Another semantic approach based on viewpoints was proposed by Aubry et al. (2007) and Thouvenin et al. (2005) . Their structured systems maintain annotations into three viewpoints: design concept (materials, scientific and technical domains, etc.), geometrical description, and methods, and uses an ontology-based knowledge management system to process annotation information. The system "Funnotation" (Kitamura et al., 2006) is also relevant, as it was developed to aid CAM. Its complete semantic annotation model relies on processing text documents and contains four elements: the function of the device, how the function is achieved, the functional decomposition structure, and alternative solutions to achieve the functions. When the system is filled with sufficient annotation entries, it can automatically suggest suitable parts based on a given functional design specification.
The solution proposed by Bilasco et al. (2006) stores a set of semantic profiles of 3D scenes. Users can send requests to the annotation repository and retrieve the specific information pointing to corresponding 3D fragments. An integration component translates all fragments and reassembles them into a new 3D model according to the topology defined by the request.
For the purposes of this paper, the most relevant points on managing 3D annotations are summarized below. The summary is used as the basis to justify our decision to use a hybrid representation approach in our solution:
 3D Annotations can be classified as "in-line" (internal) or "stand-off" (external), based on how the information is stored. Internal annotations are efficient in terms of information processing and manipulation and are also easier to implement. In fact, many CAD systems natively support this type of structures. However, internal annotations are difficult to share in collaborative environments and creating multiple sets of markup schemes for a single model is problematic (Ding & Liu, 2010) .
 External annotations are more flexible, as they support traceability, progressive updates (scalability), information reorganization for different purposes, and easy distribution in collaborative environments. Some disadvantages include the problem of persistent references and increased efforts in terms of file maintenance (Ding & Liu, 2010; Mun & Han, 2005) .
 In an extensive literature review paper, authors Chandrasegaran et al. (2013) , recommend a mixed representation of annotations by stating that the combination of internal and external representations facilitates integration and reduces workload so users can focus on the design work, instead of learning a new software tool, and thus, avoid the knowledge-acquisition bottleneck.
 In terms of usability, the "stand-off" functionalities are especially relevant to manage the visual clutter created when the number or the arrangement of the annotations in a 3D model causes confusion in the user to the point where they negatively affect performance . This is particularly relevant in collaborative environments where multiple users may need access to different information within the same annotated model.
Product Lifecycle Management (PLM) Systems
PLM is a broad concept that refers to the management of all product-related information and processes throughout its entire lifecycle (Ameri & Dutta, 2005) . The term is typically connected to other business technologies such as Supply Chain Management (SCM), Customer Relationship Management (CRM), and Enterprise Resource Planning (ERP), and form the foundation of a company's information technology infrastructure. According to Sharma (2005) , collaboration at the highest level involves connecting people, processes, and information. This connection requires an underlying PLM framework that facilitates communication, as it is through communication that teams make sense of the information needed for their work, their shared sense of who knows what, and the shared meaning of the ideas necessary to knowledge work (Yuan et al. 2010 ). However, despite the variety of PLM software available on the market, the lack of interconnectivity with other enterprise information systems is still a common challenge in professional environments (Soto-Acosta, Placer-Maruri, & Perez-Gonzalez, 2016).
A major building block of a PLM system is the Product Data Management (PDM) component, which tracks and manages the information generated during the product lifecycle with the purpose of improving productivity and reusability of product data. This information includes digital product models, assemblies, analysis results, engineering change management information, and component libraries, among others. The PDM serves as a central repository for process and product history, and promotes integration, collaboration, and data exchange among all stakeholders by providing better control of the information, engineering activities, design changes, and product configurations.
The structure of a PDM can be described at three levels. The first level is the information repository where information is stored. The information repository controls data access, storage and recall, information security and integrity, concurrent use of data, and archival and recovery. It is also responsible for the traceability of all actions taken on data. The second level provides user access, permissions, and control policies to the information stored in the repository. The third level serves as an interface for users and programs to access the data and is responsible for user queries, user input, and report generation. It also provides interfaces for CAD programs to interact with the PDM. It is in a PDM context, specifically at the first level (information repository), where our system is relevant. The proposed addition provides a mechanism to track and manage annotated 3D models, thus making the information accessible to external processes, users, services, and applications.
System Architecture and Data Structures
Our proposed strategy implements a software module that focuses on actions that cannot be performed by PMI tools alone, such as synchronization, grouping, filtering, searching, efficient visualization of information, and lifecycle management (upload, download, locks, unlocks, states, revisions, etc.) The two major elements of the system include an embedded annotation management component and a unit responsible for PLM interaction.
The system overcomes the limitations of standard PMI modules by using an external repository to store enhanced information about the internal annotations. To this end, two structures are used to manage annotation information: an internal structure created by the CAD package and stored within the model; and an external representation, stored separately, that contains the enhanced data. The two structures are synchronized automatically by a background process in a manner that is transparent to the user. "In-line" techniques are maintained so users can annotate the model with the standard PMI tools that are already available in the CAD environment. The "stand-off" characteristics of our implementation facilitate the visualization, search, and filtering of information. In addition, by making annotation data available to external applications, the information can be processed by other applications to automatically generate design knowledge.
To ensure bi-directionality, the two representations are synchronized by a background process that is triggered every time an annotation is created, modified, deleted, and when the model is saved or uploaded to the PLM server. Additionally, if inconsistencies occur, the module checks data integrity and maintains the most up-to-date representation. If an inconsistency cannot be resolved, the system prompts the user for action, i.e., to discard model or annotation changes. In our system, the two representations are connected by internal identifiers. For every annotation, a unique "id" is created by the PMI module and stored both inside the CAD model and externally. The external data structure contains a set of elements that describe the internal annotation and extend its capabilities. These elements are:
 feature, the specific geometric element in the annotated CAD model.  text, the annotation content in textual form.  creator, the name of the creator of the annotation.  date of the last modification of the annotation.  internalId and persistentId, a unique annotation identifier.  posX, posY, and posZ, represent the point in 3D space where the annotation is located.  website, a hyperlink to an external website or file connected to the annotation.  deleted, indicates whether the annotation was removed from the model.  likes, is a base64 encoded text separated by a special character that contains a list of the users who considered the annotation useful.  dislikes, similar to the previous field, but representing users who tagged the annotation as not useful or interesting.  annotationhistory, records annotation changes. It saves the original text before modification (text), the date when the text was modified (modificationDate), and the user information (creator)
The above data are stored in an external XML file. Every CAD model has an associated XML file, where each annotation in the model is saved as a node. A sample file is shown in Fig. 1.   Fig. 1 . Sample XML file To integrate our system within a PLM environment, both the CAD model and its associated XML file are stored in the PLM server. The system automatically connects to the PLM and efficiently stores, retrieves, and synchronizes all annotations. Additionally, because of the nature of the XML file, the proposed system is designed to work offline by only synchronizing changes when a PLM connection is available. The functional blocks of the proposed architecture are shown in Fig. 2 . The flow chart of the operations performed against a PLM is shown in Fig. 3.   Fig. 2 . Functional blocks of the proposed system
Fig. 3. Flow chart of PLM operations
The proposed design consists of a main core unit and a set of modules to control models, annotations, and PLM operations. The core unit interconnects and synchronizes all modules and communicates with the PLM via API calls against PLM web services. In this scheme, the PLM can be considered as a service provider to clients. These services include functions to "put" data (check in, set lifecycle state, set revision, lock/unlock data, etc.), "get" data (check out, get revision, get version, etc.), and authenticate. Each module manages a specific type of data, builds the queries that need to be performed by the communications module, and listens to the responses from the PLM. The core unit is responsible for collecting data from the communications module and sending it to the corresponding module, and vice versa.
The annotation management module is a key component of the system. It manages CAD models, annotations, and disk operations. The remaining modules perform PLM operations. The functionality of each module is described in Table 1 . 
Annotation management
The annotation management module is the component in our system that is fully integrated with the local CAD environment (SolidWorks, in our case) and directly interacts with the internal annotations in the CAD model. Visual Basic was used for implementation purposes, as it is natively supported by both SolidWorks and the systems used for PLM integration. SolidWorks was selected as a testing system for convenience and availability reasons. The increasing popularity of the MBE paradigm has pushed CAD vendors to develop tools that support basic annotation functionality. Today most major mechanical CAD packages (e.g. Autodesk Inventor, Siemens NX, Siemens Solid Edge, PTC Creo, Dassault Systems CATIA, Dassault Systems Solidworks) support model-based definition standards such as ASME Y14.41-2012 and ISO 16792:2015. Extensive work on the PMI capabilities in CAD systems (Cheney & Fischer, 2015) has also been carried out over the past few years by the National Institute of Standards and Technology (https://go.usa.gov/mGVm). In this regard, the system architecture and implementation details described in this paper could be applied to any PMI module, regardless of the CAD environment.
Our system provides a fully functional web browser that is built in the CAD interface, so all product-related information is available to the user from an already familiar interface: the design environment. The annotations are tabulated to facilitate direct queries based on filtering and search tools. For each annotation, related information such as feature, text annotation, author, modification date, related link, and internal id is saved to an XML file, as described earlier in the System Architecture section. Custom filtering and search functionality can be activated via the filter selector. Search criteria include text (the annotation text), feature (specific part of the model where the annotation is connected to), creator (author of the annotation), and date (last modification date of the annotation text). The option to Filter in Model is provided to reduce the amount of annotations in the viewport based on the specified criteria. CAD users have reported increased performance and time savings when filtering tools are used .
Finally, all annotation changes in a 3D model are recorded for tracking and archival purposes. When an annotation is altered (i.e., deleted, moved, or its content is modified), a new entry is created in the XML file of the corresponding annotation with the original information, author and date.
PLM integration
Our previous exploration into the integration of annotation information into a PLM system involved the use of relational databases . However, the lack of standardization and the proprietary nature of many PLM systems, made the implementation difficult, since managing PLM databases directly as well as locking and unlocking operations are complex tasks. More importantly, annotations cannot be processed directly by the PLM server. To overcome these difficulties, and given the variety of currently available PLM systems, a decision was made to connect multiple solutions as suggested by Gunpinar & Han (2008) .
As part of this work, a proof of concept of the proposed architecture was implemented. To this end, the PLM integration capabilities of our annotation manager were tested against two different systems: Autodesk Vault Professional 2016 and Aras Innovator v11. The former was selected for availability reasons and because of its extensive community support. The latter is an open source PLM system that is gaining considerable attention in industry. In our implementation, both systems are running in parallel. From a user standpoint, all PLM (Autodesk Vault or Aras Innovator) functionality is transparent.
Both Autodesk Vault and Aras Innovator use a Microsoft's Internet Information Server (IIS) and SQL database server infrastructure for storage, fast indexing, and search of data vaults. There are three main components: a web server, a database, and a file storage system, as shown in Fig. 4 . The web server hosts a set of web services to manage communication between the clients and the PLM. The database server stores file information (e.g., file status, file edit history, and property data) in the file storage system. The file storage system is a hierarchy of folders where the server stores the physical copies of the files managed by the PLM. The main differences between the two selected PLM systems are shown in Table 2 . Autodesk Vault allows both local and active directory accounts, as well as custom and web-based access. The strength of Aras Innovator lies in its innovative data organization around items and relationships. Limited functionality is also provided by web clients or "thin clients," which restrict the PLM operations that the user is allowed to perform. Alternatively, the Aras application framework uses a run-time model-based technology to define and manage business objects (Aras, 2016) . The client side is web-based, but an API to develop custom applications is provided. The SolidWorks connector for Aras can be used to interface with the CAD package. Aras CAD Documents can be processed for SolidWorks drawings, assemblies, or parts represented in the CAD hierarchy (SW, 2013) .
When a model is added to the external repository, its corresponding external annotations are uploaded automatically. The Aras API is based on Items, which may have relationships to other items. In our software, models are stored as CAD Document Items with two relationships to File Items: one containing the model, and the other containing the external annotations (i.e., the XML file). The structure of a CAD Document Item is visible from the web client and its name is an indicator of its content. Finally, CAD Document Items are contained within a Directory Item, which organizes the models hierarchically. In the case of Autodesk Vault, the Attachment structure is used to store and link a file (i.e., the XML file) to another source file.
Although both Aras and Autodesk versions of our system store the external annotation files, specific annotation information is not directly accessible within the repository. Our method solves this problem by avoiding a direct manipulation of the PLM database. User-defined properties such as author, comments, and description in files from Autodesk Vault, as well as additional custom properties are used to maintain external annotation information. This solution is easy to implement and allows external applications to process the data.
In the Aras implementation, a different strategy was used to provide easier, faster, and more flexible searches over the annotations. The strategy involves creating a new ItemType (defined as AnnotationItemType), which represents an annotation and contains all possible search fields and a reference to the CAD Document. This AnnotationItemType can be seen as a new table in the PLM database (see Fig. 5 ).
The search functionality allows users to locate files in the repository based on user-defined criteria. These criteria include file name, comments, annotation text, modification date, annotation author, the referenced model part (feature), and annotation likes and dislikes. Annotation likes and dislikes are indicators of the usefulness of a particular annotation based on user ratings. This functionality was designed as an effort to promote enterprise social networking, as described by Mäntymäki & Riemer (2016) .
Hyperlinks and external files can also be linked to annotations. Hyperlinks and filenames are saved to the external annotations XML file when the model is checked in to the PLM. External files are uploaded as File Items. Additional relationships to the CAD Document Item are created.
Fig. 5. AnnotationItemType data on the browser
File version control is managed slightly differently by the two implementations. In Autodesk Vault, new versions are created automatically when a model is uploaded; in Aras, versions are managed by the CAD Document Item. When a new file is uploaded, the system deletes the related File Items before the new ones are added. Previous File Items remain in the repository and can be retrieved by selecting the specific version in the CAD Document.
Both Aras and Autodesk Vault provide similar mechanisms to define and manage lifecycle states and revisions. User-defined lifecycle types are flow diagrams that represent stages within the product development cycle. In our architecture, the same lifecycle is defined for both PLMs based on the typical manufacturing lifecycle process for release control. In terms of the revision control mechanism, both PLM systems allow the user to save relevant milestones or changes to a document and its related files. Older copies of the files are maintained by our tool, which can be retrieved at any time. In the case of Aras, some aspects can be automated. For example, the system can automatically increment the revision tag when the lifecycle state is set to Released.
Finally, the file transfer functionality is described. To download a model the user must CheckOut the file, which can only be performed if the user has the right permissions and the model was not checked out by another user. The CheckOut function locks the file in the repository and downloads a copy to the local work directory. When a model is CheckedOut other users can open it as "read only." Similarly, the upload function, or CheckIn, can be performed if the user has the right permissions and the model has been previously checked out. The operation saves all changes to the file, adds user comments, uploads the file to the server, and unlocks the repository (making the file available to other users). Since the operations Get Revision, Change State, and Revise only work with unlocked files, an Undo CheckOut button is provided for situations where the administrator needs to manually unlock a file and discard changes.
User Interface
The user interface of the system is based on the WIMP paradigm (Windows, Icons, Menus, Pointer). The proposed module runs inside the CAD environment and is designed as a panel to facilitate interaction. The icons are organized around a basic set of commands that are easily accessible. The user interface is compliant with ASME Y14.41-2012, as selecting items in the annotations list automatically triggers a visualization process to display the associated item in the model.
Annotation manager interface
The annotation manager user interface was implemented as a plug-in for a professional CAD system (i.e., SolidWorks) and designed as an additional panel in the CAD interface. The functionality of the annotation module is organized into four tabs: annotations, history, browser, and vault.
The "annotations" tab provides a tabular view of the annotations that are available in the active CAD model as well as basic search and filtering tools (see Fig. 6 ). For each annotation, related information such as feature, text annotation, author, modification date, related web link, likes, dislikes, and internal id, is displayed. When a user selects a specific cell in the table, the corresponding annotation is highlighted in the CAD model. If a hyperlink or associated file is available, the user can view the content in the "browser" tab, which provides a fully functional web browser, a multimedia player for audio and video files, and a PDF viewer that is built directly into the CAD interface. As a result, users do not have to leave the CAD environment to access product-related information. The "browser" tab also contains two buttons for users to "vote" whether they consider a specific annotation useful. The system automatically stores codified usernames in the XML file of users who "voted," in order to limit the number of times a user can vote for a particular annotation (see Fig. 7 ).
Fig. 6. CAD environment with module interface (right) and annotations tab active
Search and filtering functionality can be activated via the "filter" selector (see Fig. 8 ), which toggles a text box and a pulldown menu with various search criteria, such as text (the annotation text), feature (specific part of the model where the annotation is connected to), creator (author of the annotation), date (last modification date of the annotation text), likes and dislikes. Users can combine multiple fields when searching for annotations (see Fig. 8 ). The option Filter in Model reduces the amount of annotations on the viewport based on the specified criteria, as shown in Fig. 9 . Additional filters are provided for grouping and various types of visualization. "Show dimensions" toggles dimensions and tolerances on and off in the model; "show only assembly annotations" toggles annotations created at the assembly level on or off (annotations created at the part level are not affected); the radio buttons "display all annotations" and "interactive visualization in 3D model" allow the user to either make all the annotations visible or view only the annotations that are currently selected in the model.
The historical record of an annotation is available in tabular form via the "History" tab from the main interface. 
Conclusions and Future Work
As the Model-Based Enterprise paradigm gains popularity and 3D models continue to carry increasing amounts of design data, the need for methods and tools to support, manage, and present this information also increases. In addition, as models become more complex, there is also a need to capture and embed design information, so models can be reused easily.
In this paper, we described the architecture of a software module for a CAD system that leverages model annotations to communicate design information and seamlessly integrates into a PLM environment. The availability of annotation data through the PLM creates a new source of product-related information that is directly relevant to the CAD model and can be searched, reused, and automatically processed. Furthermore, our approach relies on annotated CAD models as carriers of information, which eliminates the need for separate tools and provides a collaborative space that is built directly into the design environment. In this regard, our work lays the foundation for the development of a comprehensive framework based on annotated CAD models for capturing and communicating design knowledge.
To validate our strategy, we implemented a prototype for a professional CAD tool and successfully connected it to two PLM systems with different internal data models running simultaneously. The prototype was efficiently integrated in a typical production workflow and in all cases annotation information was effectively stored, retrieved, and synchronized.
The strategy described in this paper is designed to overcome the limitations of current annotation tools in collaborative environments; especially in models with large numbers of annotations. To maximize the benefits of annotation mechanisms, our approach combines the strengths of both internal and external representations via an annotation management module. To ensure bi-directionality, the external and internal representations of the annotations are synchronized by a background process.
Based on our experience and lessons learned during the development and testing of our prototype, more sophisticated grouping strategies will be explored in future versions, for example, by defining more annotation groups such as selected vs. not selected, and related vs. not related. We are interested in exploring what the best grouping strategies are, from a user interaction point of view, for annotation information in a CAD environment, as there are currently no user studies that can help us determine the most effective and useful approaches in terms of productivity. Future goals also include an extensive validation of our system in a collaborative production environment to assess the extent to which design communication can be improved by annotation-based strategies. We also plan to compare the two version revision mechanisms in the PLM: automatic vs. manual implementations.
Additionally, a web based client is currently under development to make annotations and version history information available, which can be valuable in a variety of situations. Some of the aspects that could be studied to determine what makes annotations effective in design environments include product evolution, user and team interactions overtime, and annotation quality. Novel quality metrics and techniques for improving CAD model reuse could also be inspired from this study. Finally, in terms of usability, we plan to improve the graphical aspect of the interface by including file previews, highlighting, and color schemes to facilitate navigation to study how these mechanisms impact the perception of annotation information when viewed directly on the 3D model's geometry in a CAD environment.
